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Introduction

three generations of matter interactions / force carriers
(elementary fermions) (elementary bosons)

° Scalar with non-zero VEV | Il 1

mass = =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? =124.97 GeV/c?
charge | % % % t
) EWSB and mass mechanism son 1% (U v G <
up charm | top ‘
J J J
e Last measured free parameter of the Standard Model =:»7 Mevics =V96Mev’°? =:-1BGSV’°2 °
+ + - : @
e Width is dependent on its couplings d°‘”"jj S"angu b°tt°m§y | Photon
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c2 =91.19 GeV/c?
i =1 =1 =1 0
o  Could probe new physics » (8 » x .
electron muon tau Z boson
. . 7p]
® Precision measurements are crucial Z | <«22evic <0.17 MeVic? <18.2 MeVic? ~80.39 GeV/c?
@ 0 0 0 +1
= % Ve % V[.l v (G 1 W
O lectron muon tau
imitati w| e
© Manage detector limitations -l neutrino neutrino neutrino U W boson
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CMS-PAS-HIG-21-019

Measuring the Higgs - Mass

CMS Preliminary 138 fo' (13 TeV)
250_—
Prior analysis: JHEP 11 (2017) 047 L ¢ 3?1125)
Use the full Run 2 data set 200/~ } -ggf;; o
> F W z+x
Use four final state categories (4, 4e, 2u2e, and 2e2y) in on-shell 8 r
150
Events are classified into 9 categories based on theiro_,/m,, d o +
‘I) -
Ranges are found by splitting ggH (at 125 GeV) evenly into 9 bins § 100:— * ?
. m -
2D likelihood modelling V"X L(myy, Diky) I | ++
Using the matrix element-based discriminant: Z b . }fj I 4ot
a -1 AT SN A
'qu ((’)H—ﬂw‘mM) Phys. Rev. D 104 (2021) 052004 % 80 90 100 110 120 130 140 150 160 170
pkin _ |1 4 bkg m,, (GeV)
bkg 88 (YH—4(
Psig (Q ‘m4€)



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
http://dx.doi.org/10.1007/JHEP11(2017)047
http://dx.doi.org/10.1103/PhysRevD.104.052004
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Measuring the Higgs - Mass

e Best measured with high mass resolution channels: 41, yy

e 4l+yy Run 1+ 2016: 125.38+0.14(0.11) GeV

e 4l Run1+2:125.08+0.10(stat)£0.05(syst) GeV

CMS Ppreliminary

138 fb' (13 TeV

CMS Preliminary

CMS-PAS-HIG-21-019

250_—
200:— }
> L
8 r
C\.I150—_ +
2 | f
& 100 *
T ¢
- ot o
i i ot
" f +*éi¢¢;ft*-¢“_*+_“‘iﬁ*‘**i#

=)
o

80 90 100 110 120 130

m,, (GeV)

¢ Data
H(125)
W 99—>22%, 2y*
qgq—-ZZ*, Zy*
B z+X

140 150 160 170

Run 2: 138 o™ (13 TeV) — Total Stat. Only
Run 1:5.1 b (7 TeV) + 19.7 fo (8 TeV)
Total (Stat. Only)
au = 124.90777 (1) GeV
de pe—— 124.7075° () GeV
2e2u — 125.5057% (()2) GeV
2u2e — 125.207 (%) GeV
Run 2 - 125.047;7 (1) GeV
Run 1 ——  125.607; (i) GeV
Run1+Run2 - 125.085,7 (();0) GeV
P N P ol L
122 124 126 128 130
m,, (GeV)
Parameter Observed Expected
my (GeV) 125.08 £ 0.12 +0.12
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CMS 35.9 1" (13 TeV)

> o e i
830000:—H—>YY All categories -
. £ ¢ Data ]
= 250008 — S+B it 3
& O B component ]
20000~ Bl tic E

E + ]
15000 Bl 12 o 3
10000 -
5000 -
0:‘.‘w.“.le“lll“w.llm.lml.‘l.‘—

" B component subtracte

100 0 120 1

30 140 150 160 170 180

Phys. Lett. B 805 (2020) 135425

m,, (GeV)

CMS

Run 1:5.1 fb (7 TeV) + 19.7 fo™' (8 TeV)
2016:35.9 fb" (13 TeV)

Run 1 Hoyy
Run 1 H-ZZ— 4

Run 1 Combined

2016 H— ZZ— 4l
2016 Combined

Run 1+ 2016

2016 H—yy

== Total Stat. Only

Total (Stat. Only)
124.70 + 0.34 (+ 0.31) GeV

125.59 + 0.46 ( + 0.42) GeV
125.07 +0.28 ( + 0.26) GeV
. 125782026(£0.18)GeV
12526 +0.21 ( + 0.19) GeV

125.46 +0.16 (£ 0.13) GeV

125.38 +0.14 (£ 0.11) GeV

122 123 124

125

126 127 128 129
my, (GeV)


http://dx.doi.org/10.1016/j.physletb.2020.135425
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
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Measuring the Higgs - Width

o T =4.07 MeV CMS 137 fb' (13 TeV)
H,SM > 350 —_ T T I T T T T T LA L B I | T T T T T 1 1 rrr I_J-
. . o . 8 C ¢+ Data ]
e Direct measurement of the Higgs is limited by detector resolution e » [ H(125) N
, 5 C4q9-ZZ, 2y
o ~3x10%eV<TI,<05-3GeV £ F Bl 9927, Zy* .
Q 2501~ B EW =
w r B Z+X ]
200 — =
150 —
Parameter Observed Expected - .
100 = -
my (GeV) 125.08 + 0.12 +0.12 0F -
on-shell Ty (MeV) 074 [0,330] 0730 [0, 750] 50— =
Mass and total width I, measurements, showing the allowed 0 80 100 200 300 400 500
68% CL (central values with uncertainties) and 95% CL (in m (GeV)
square brackets) intervals. Uncertainties are reported as a 41
combination of statistical and systematic uncertainties. H— ZZ®) — 4

Eur. Phys. J. C 81 (2021) 488

H* — ZZ — 44
CMS-PAS-HIG-21-019 6



http://dx.doi.org/10.1140/epjc/s10052-021-09200-x
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
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Measurlng the HIggS - Wldth Nat. Phys. 18 (2022) 1329

CMS Simulation 13 TeV
10_% T T T T T T LI I' T é_
oms seas' e = EW ZZ(—4l)+qq production (I=e, u) 3
2 g % £ — SM H signal (HB) &
H H—~ZZ Untagged C . 7
omg ~ —>g]g? — &0 ~-Observed — 10_15 SM contin. (|C|2) I
. o Biics s o f — SMtotal (H+CP) 1
9 9 ‘S 60 ; .EW s+b+i (\D 10 _E 3
Ooff ~ 9H 999022 P Caa— 4ibkg Q F .
SM @ £ g 7
oHg ~~ UH 30 = 10—4 =
20 ) 3
'y L ; i
Ooff Jgfl%/l 'SM 10 10 = - E
H ) T B SR P Furw.m == S S WO -
300 400 500 600 700 800 900 100( '10‘6 3
my, (GeV) .
10_7 1 1 1 1 1 1 11 I 1
100 200 300 500 1000 2000

m, (GeV)


http://dx.doi.org/10.1038/s41567-022-01682-0
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CMS-PAS-HIG-21-019

Measuring the Higgs - Width

CMS Preliminary 138 fo (13 TeV)
_L T T T T I T T T T I T T T T I T
e  Off-shell Higgs production confirmed to 3.90
- Observed
Parameter Observed Expected | -+ Expected i
Hoff—shell 0-64t8§(7) [0.06, 1.69] 1007:8:33 [0'00’ 2.80] 20 __ 4| off-shell + on-shell i
y%ff—shell 0_62J_r8% 0.03,1.81] 1_004:%:8(5) [0.00,2.93] ) 41 off-shell + on-shell + 2I2v off-shell
pdffshell - 0,69713210.00,3.91]  1.007332 [0.00,7.65] <
<
Al
e  Observed I, via off-shell technique ' ‘0
Parameter Observed Expected
myy (GeV) 125.08 + 0.12 12 N S < 95% CL |
on-shell Ty (MeV)  075° [0,330] 01369 [0, 750] AN 68% CL -
2.3 4.1 Telgasd ok [ ! 1 ! [
off-shell Ty; (MeV) 29775 [0.3,7.9] 4.173;[0.0,11.7] 00 5 10 15



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
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Measuring the Higgs - CP Structure

e Higgs is CP-even in the Standard Model
o  Observing any deviation would indicate BSM physics
e  Strong motivation to search for CP-violating effects in Higgs couplings to fermions

e  CP-odd contribution for Higgs couplings to bosons is largely suppressed

Process to probe Scale of CP-odd contribution

Fermion Htt, Her O(1) Tree Level

Gauge boson Hzz, Hww, Hzy, Hyy, Hgg O(1/A\?) Dim 6
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[l " KVV 2+KVV 2 . . i
Higgs Couplings A®W)~ +ﬁ o ireta + alY F150 Fr@ g gV (D) P
1

e VBF and VH processes have HVV vertices on the production side
e  Anomalous EW production modes exaggerate the effect of any BSM terms in this decay amplitude

= ? T T T | T T T T | T T T T I T T T T ?
e [ ¢,, C_IH+bkg+int b _lé,, D H+bkg+int 3 /
i ¢, Iibke L - [lc, i..ibkg G 4
— r C C ]
e 107" I € ; 10 . = 5 Weo H .
] E ) ; W
O O — ,
QR == 3 —\—l—: %
=~ E
£ o é 1 0—1 ]
= L ~ EW 4£+2j E
§ 103k S 2] LHC, 13 TeV 1 -
S | o4 TRy % S JHUGen + MCFM ]
E 104 LHC, 13TeV =R . E
©  JHUGen + MCFM - ]
i 10 E
1 075 ::r_‘l oo b b b b b b a g E, T T N TR S N T R R T S — E ------
100 200 300 400 500 600 700 800 500 1000 1500 2000 Tt tttrttT
my, [GeV] my, [GeV] 10

LHCHWG-2022-001



https://cds.cern.ch/record/2801789
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-2 AlnL

Combined Constraints on Higgs Couplings

14

12

10

CMS <140 fb' (13 TeV)
[ T | T T T T T T I T T T T [ T T T T | T ]
- —T,=41MeV
[ = rH (U) =]
- —— On-shell 4l
i Observed 1
4 Expected .- 7
2 \\ 7 [/~ 95% CL
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-0.01 -0.005 0 0.005 0.01
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Nat. Phys. 18 (2022) 1329
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http://dx.doi.org/10.1038/s41567-022-01682-0
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HWW Constraints on Higgs Couplings — o

VV o VV »
Ky Gyvit % Gy
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html
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HWW Constraints on Higgs Couplings

CMS 138 fb' (13 TeV) i CMS 138 fb (13 TeV) CMS 138 fb (13 TeV)
T T 1 LU LR BN NERLELE UL I LA NL AL NE A T T T T T T T T [ T T T [ rrrrT LIS DL NN B
2| ]
—— Observed, fix others 10 )
— Observed, fix others —— Observed, fix others
102~ . od ficothers 1 kT Expected, fix others
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AN —— Observed, float others P
— Observed, float others — Observed, float others
Expected, float others
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; o
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s (IR AR BV VST 0_1 L 1 L l L 1 1 I 1 L 1 L 0 X ' X : e — N
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Accepted in Eur. Phys. J. C
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html
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Accepted in Eur. Phys. J. C

HWW Constraints on Higgs Coupling

10EMS 138 fb” (13 TeV) 10CMS 188 fb” (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html
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Hzr - CP Structure (HVV)

Vv Vv
AHVV) ~ oV B 0T5 5 it 0|

* * VV (1 % VV (1 Va3
— my1€y1€y, + 4, f;ns )f (2)’”"’“3 f;ug )f @
(A1)

_ |ai|2‘7i
99 — ZH - Z7Z: fai

B Yj=123.. |aj|?0; '

Phys. Rev. D 108 (2023) 032013

Phys. Rev. D 104 (2021) 052004

99— ZZ: o MRS e (o) e qq - ZZ:
9 z 9 G q z
70000) — "N
Z
b Z
QQQQ) ——h A
g Z 9% 9 q Z

Nat. Phys. 18 (2022) 1329 15



http://dx.doi.org/10.1103/PhysRevD.108.032013
http://dx.doi.org/10.1038/s41567-022-01682-0
http://dx.doi.org/10.1103/PhysRevD.104.052004
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Hzr - CP Structure (Hgg) 99—~ H-2Z:

g Z
Magr =1.1068x7 + 0.0082 — 0.1150x, + 2.5717%; + 1.0298(127%¢,, )* 4 2.3170(87°C,, ) H
+2.1357 (1271 ¢y )i, — 0.1109(127%¢, ) + 4.8821(87°Cy, ).
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g8 (2 g8
s _ 10577 en [ B Phys. Rev. D 108 (2023) 032013
a3 T ) 882 g8 2 g3 —
|a5° |2 + |a3°| a3 Nat. Phys. 18 (2022) 1329 Phys. Rev. D 104 (2021) 052004
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http://dx.doi.org/10.1103/PhysRevD.108.032013
http://dx.doi.org/10.1038/s41567-022-01682-0
http://dx.doi.org/10.1103/PhysRevD.104.052004
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Hzzr - CP Structure
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Phys. Rev. D 108 (2023) 032013
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http://dx.doi.org/10.1103/PhysRevD.108.032013
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Hzzr - CP Structure

e Lagrangian for 7 Yukawa coupling written as CP-even and CP-odd term

m E
Xy = —TTH(/sﬁr + K, Tiv5T) tan(aHTT) = K_T
A

e Use observable ®_, to probe the effective mixing angle artr

CMS Simulation 13 TeV CMS 137 fb~! (13 TeV)
5 JH.;P‘.W‘.H‘.‘.C‘P.‘dc.’www_ le — T T T T
< | — even EELE] o] i I — AHTT
o4l —wen CP mix s B éo . Observed: &5T7 = —1 419 °(68.3% CL) :
r 2 Hre i ﬁ 10~ Expected: &gg =0+21°(68.3% CL) ]
= - | L9%.7% i
0.08— T B 1
i . 8 ]
0.06[ n 6 O ] JHEP 06 (2022) 012
0.04- S F R :
i ‘,z.' ] i ]
0.02— o ] — 2+ -
E Ceenae’ Mrmsme® ~ F 68.3% ]
r ot — 't p; >33 GeV 7 R < 7
Lo v b by o by v by vty 0] 1 1 I | | 1 1 I
0 60 120 180 240 300 360 4 90 45 0 45 90
degrees
p(degrees) o177 (degrees) 18


http://dx.doi.org/10.1007/JHEP06(2022)012
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ttH+tH - CP Structure

e Lagrangian for top Yukawa coupling parameterized similarly

L My - . H Hitt |, |2 .
ttH — Py (Kt 2y 175Kt)lpt cP — AL sign(&, /%)
0 t t
CMS-PAS-HIG-19-011
° Pure CP-odd disfavored at 3.2¢0
g JHEP 07 (2023) 092 » OCMSPreliminary 138fb~" (13 TeV)
- MWL T T T T T I T U T T T T T LI LR NUNLEERE N BN 1 -~
) e | ¢ expected Ky=11 *19-2_"6,’
CMS 138 b~ (13 TeV) 150 observed e . N (a)
+~ [T T T T T T T T T T T T T LI N B B B B N B il - = 1
W "5 [ H - Mutiepton E S | | {188
F [ JH—yvizz ] 1.0F — 68%CL / 1| dyaa
1= [JH — Multilepton/yy/ZZ - [ -- 95%CL/ :
- 1 0.51- / 1 | 120
0.5_— -
: : 0.0j — 9.6
o 3 i
C ] -0.5- 1 1475
051 - vaf 1 .
L C368%CL ] I
[ oo 95% CL B B
-1 & Bestfit i 1.5 = 2.4
- & SM expected 7 i
L. o b by M B - ot b e e e 1l
-1 '5—1 -0.5 0 15 2'—%.0 -5 -1.0 -05 0.0 0.5 1.0 15 2.0 0.0 19

g
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html
http://dx.doi.org/10.1007/JHEP07(2023)092
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Summary

e Higgs mass measurement: 125.08+0.12(0.10) GeV

e Higgs width measurement: I' , = 2.9+2.3-1.7 MeV

e Evidence of off-shell Higgs production at LHC: 4{ = 3.90

e Setting limits on HVV anomalous couplings via f_. effective cross-section fractions

e CP violating effect probed in fermion sector, pure CP odd coupling excluded > 30

20
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Thank Youl!
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Backup
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Future Outlook - SMEFT

June 04, 2023

SU(3) x SU(2) x U(1) invariant Lagrangian for H boson interactions with gauge bosons (mass-eigenstate parameterization):

(g° + g0
4

92 4 g/2

VWA 2z
uptc q

Ehvv = % |:(1 + 602)

2,2
+(1+e,) I

9 ZMVA;LV + Czy

2 2

+Czy 9

Z,uuZpu i CzDgzz,ual/ZuV + €22

92 3 g/2

1 VAT

2 2
Y 9w+ w- 2 (17— + = 9 -
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We can relate the couplings in this Lagrangian to the terms which appear in calculations.
In particular, we have these relations to the amplitude parameterization:
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